The effect of the surface roughness on the electron transport of a double gate nano MOSFETs has been investigated. The study has been carried out using a simulator based on the twodimensional Non-Equilibrium Green's Function (NEGF) formalism coupled self-consistently with Poisson's equation. An appropriate control volume discretisation scheme for the Poisson and Green's function equations has been implemented in order to describe properly the surface roughness. The twodimensional electron and current density landscape for the device with surface roughness exhibit strong inhomogeneity as compare with the smooth interface case Devices with different randomly generated surface roughness patterns have been compared. At nanodevice scale the effects of the specific profile of the surface roughness do not self-average. The total macroscopic current pattern follows the microscopic detail of the roughness. While the related threshold voltage fluctuations are in the range of 100mV, the subthreshold slope remains quite similar between the different devices.
Introduction
The influence of interface roughness between oxide and semiconductor on carrier transport increases particularly in thin-body double gate devices when the roughness is correlated to body thickness fluctuations [1] . The effect of interface roughness on the device performance was studied in the past predominantly using Monte Carlo techniques using different surface roughness scattering models [2] . Previous quantum simulations using a Non-Equilibrium Green's Function (NEGF) formalism [3] have considered the 1D carrier transport only by using a mode space representation. When the body thickness of double gate transistors is in the order of a few nanometres the current flow is 2D due to irregularity of both Si/SiO 2 interfaces. A careful treatment of the interface is therefore required in order to resolve the sub-nanometre scale features of the interface. In this work, we have used a full (real space) 2D self-consistent NEGF simulator [4] while implementing a new discretisation scheme that allows us to describe precisely the interface profile.
Models and Results
In our simulations the electron density can penetrate into the oxide in order to describe properly the quantum mechanical boundary condition when small interface irregularities occur. Several randomly generated interfaces have been simulated and a detailed study of the 2D current density has been carried out. The interfaces are randomly generated assuming an exponential autocorrelation function with correlation length, λ=1.8, and assuming a digitised interatomic layer step height of 0.3 nm [5] . The grid at the interface is designed to match the one-interatomic-layer interface steps [1] . Figure 1 shows the simulated double gate (DG) MOSFET with a channel length of 10 nm and a channel thickness of 2 nm. The oxide thickness is fixed to 1.6 nm. An impression of a realistic device composed using TEM pictures of real Si/SiO 2 interfaces is shown in Fig. 2 . The picture shows atomic layer steps at the top and bottom interfaces. Figure 3 shows the discretisation scheme for the Green's function equation used in our code. The discretisation is based on an integral (control volume) formulation of the NEGF equations and Poisson equation around every mesh point. Figure 4 shows the interface configurations for one of the simulated transistors (denoted rough3 later in Fig. 12 ). The body thickness variation correlated to the random steps at the interfaces results in confinement variations and produces a meandering flux of the current (see Fig. 5 ). The current is flowing through an effective cross-section, perpendicular to the current flow, which could be wider than the vertical channel cross section but the current path is longer compared to the smooth interface case. The 2D map of the horizontal (ydirection) current vector component is plotted in Fig. 6 showing reduction in the corner regions of the channel.
The body thickness variation associated with the rough interfaces, and the corresponding variation in quantum confinement throughout the channel, produces strong variations in the electron concentration in the channel as illustrated in Fig. 7 . In Fig. 8 , the electron concentration along cutlines normal to the channel are plotted for different positions along the channel (y = -5.51 nm is in the source region and y = 0.15 nm is close to the middle of the channel).
There is a significant carrier penetration into the oxide at the interface in the regions with interface steps. There the wave function is penetrating the oxide from two different directions -perpendicular to the channel and parallel to the channel. The fluctuation in the electron concentration along the channel at different distances from the middle of the channel (x = 0.0 denotes the middle of the channel) is presented in Fig. 9 . It shows that the variation in the electron density near to the interface may be more than one order of magnitude.
Figs. 10 and 11 show the density of states for the device of Fig. 4 and the device without roughness respectively at identical gate voltages. The density of states of the device with roughness exhibits localised peaks due to the body thickness fluctuations. The I D -V G characteristics at 300K for 8 different devices with randomly generated surface roughness are shown in Fig. 12 for a drain voltage of 0.5 V. The current for the device without the surface roughness is also shown for a comparison. The device with highest current has an averaged body thickness of almost 2.3 nm (rough6) as the patterns of the upper and lower interfaces combine to maximise the channel thickness. The lowest current come from interface roughness patterns which result in an effective body thickness approaching the minimum limit of 1.7 nm. In general if the body thickness is reduced at the beginning of the channel (close to the source) instead of in the middle, or the end, the current will be more drastically reduced, as will be shown later.
The subthreshold slope is similar for all of the simulated cases, although the devices with larger average oxide thickness do exhibit minor degradation in subthreshold slope due to increased short channel effects. However, the fluctuations in oxide thickness induced by the roughness are a small perturbation compared to the total oxide thickness, which controls the electrostatics. The magnitude of the current is affected by the interface because the constrains in the body result in stronger carrier confinement and local quantum mechanical shift of the threshold voltage.
Figs. 13 and 14 illustrate the interfaces/body pattern for two transistors denoted rough1 and rough8, respectively. As indicated with the arrows in the figures, the confinement for the device rough1 is located at the beginning of the channel while in the device rough8 the confinement is located at the middle of the channel. Figs. 15 and 16 represent the electron density for the two cases. We can see that the electron injection in the channel is greater in the case rough8 producing a slightly higher current than in the case of rough1 as shown in Fig. 12 .
Conclusions
A self-consistent non-equilibrium Green function simulator has been used to simulate the effect of the surface roughness on a nanoscale MOSFET. The realistic treatment of the interface roughness in thin body DG MOSFETs requires full 3D quantum transport simulation but our 2D simulations highlight the important effects. Here we have adopted a non-perturbative treatment of the interface, with interface roughness parameters which has been validated in Monte carlo transport simulations. The detailed unique pattern of the interfaces is reflected in a 2D current and density profile of the electrons in the channel which a 1D transport model is unable to describe properly. The current is changing direction inside the channel, therefore the effective current path is longer than the metallurgical channel length. This, in combination with the average increase or reduction of channel thickness, causes an intrinsic current variation as illustrated in Fig. 12 . The injection of electrons into the channel is affected by the surface roughness. The density exhibits an inhomogeneous pattern in the channel and strong fluctuation (one order of magnitude) close to the interface. Fluctuation in the threshold voltage produced by the interface roughness are on the order of 100mV but the subthreshold slope is only slightly affected. 
